The lipid second messenger ceramide regulates the rate of β cleavage of the Alzheimer's disease APP (amyloid precursor protein) by affecting the molecular stability of the β secretase BACE1 (β-site APP cleaving enzyme 1). Such an event is stimulated in the brain by the normal process of aging, and is under the control of the general aging programme mediated by the insulin-like growth factor 1 receptor. In the present study we report that BACE1 is acetylated on seven lysine residues of the N-terminal portion of the nascent protein. This process involves lysine acetylation in the lumen of the ER (endoplasmic reticulum) and is followed by deacetylation in the lumen of the Golgi apparatus, once the protein is fully mature. We also show that specific enzymatic activities acetylate (in the ER) and deacetylate (in the Golgi apparatus) the lysine residues. This process requires carriermediated translocation of acetyl-CoA into the ER lumen and is stimulated by ceramide. Site-directed mutagenesis indicates that lysine acetylation is necessary for nascent BACE1 to leave the ER and move ahead in the secretory pathway, and for the molecular stabilization of the protein.
INTRODUCTION
Even though the native conformation of a protein lies encoded in its primary amino acid sequence, the efficiency of folding itself is greatly enhanced by the ER (endoplasmic reticulum) through different complex systems that require chaperones that protect nascent proteins and enzymes that modify, either temporally or definitively, the protein [1] . The first system includes BiP and calnexin, whereas the second includes OST (oligosaccharyltransferase) and UGGT (UDP-glucose:glycoprotein glucosyltransferase), which re-attaches one glucose residue to the improperly folded nascent glycoprotein and regulates its interaction with the lectin chaperone calnexin [2, 3] . Once folding is completed, the nascent protein dissociates from the calnexin/ calreticulin cycle and moves ahead in the secretory pathway. In contrast, proteins that have not successfully reached an appropriate folding status, are removed through ERAD (ER-associated degradation) [4] . Therefore the half-life of a membrane protein is highly affected by the ability to fold correctly and leave the ER successfully. The lack of the appropriate post-translational modification can make the protein fail quality control and be directed toward ERAD for final degradation [1] .
Reversible acetylation of lysine residues was originally identified in histones and then extended to transcription factors [5, 6] . During the last few years a growing number of cytosolic and nuclear proteins have been reported as targets of lysine acetylation [6] . Being a novel form of post-translational modification, the purpose of lysine acetylation is still mostly unknown. Recognized functions include regulation of activity, and molecular stabilization of a protein [6] . From the biochemical point of view, acetylation of a protein requires three components: (i) an appropriate acceptor [a given protein with the appropriate lysine residue(s)]; (ii) a donor of the acetyl group (acetyl-CoA); and (iii) an enzyme able to transfer the acetyl group from the donor to the acceptor [an acetyl-CoA:lysine acetyltransferase (or simply called acetyltransferase)]. The above components have so far been identified only in the cytoplasm and lysine acetylation has been regarded solely as a cytoplasmic event [5, 6] .
Our group has shown that the lipid second messenger ceramide regulates the rate of β cleavage of the APP (amyloid precursor protein) by affecting the molecular stability of the BACE1 (β-site APP cleaving enzyme 1) [7] . Such an event is stimulated in the brain by the normal process of aging [8] and is under the control of the general aging programme mediated by the IGF1-R (insulin-like growth factor 1 receptor) [9] . In the present study we report that BACE1 is acetylated on seven different lysine residues, all facing the N-terminal portion of the nascent protein. This process involves lysine acetylation in the lumen of the ER and is followed by deacetylation in the lumen of the Golgi apparatus once the nascent protein is fully mature. We also show that a dual-enzymatic machinery acts in the ER and Golgi apparatus respectively to acetylate and deacetylate the lysine residues. In addition, this process requires carrier-mediated translocation of acetyl-CoA into the lumen of the ER and is stimulated by the lipid second messenger ceramide. Finally, site-directed mutagenesis shows that the transient acetylation of BACE1 is required for the nascent protein to leave the ER and proceed toward the secretory pathway.
Western blotting was performed on 10 % Bis/Tris, 4-12 % Bis/ Tris or 7 % Tris/Acetate SDS/PAGE systems (NuPAGE; Invitrogen) as described previously [7] [8] [9] [10] . The following antibodies were used in the present study: anti-BACE1 N-terminal (monoclonal; R&D Systems); anti-BACE1 C-terminal (polyclonal; Abcam); anti-pro-BACE1 (polyclonal; Abcam); anti-acetylated lysine (monoclonal; Abcam); anti-calreticulin (ER marker, polyclonal; Abcam); anti-58 K Golgi/formiminotransferase cyclodeaminase (Golgi marker, polyclonal; Abcam); anti-syntaxin (Golgi marker, monoclonal; Abcam); anti-EEA1 (early endosome antigen 1, endosomes, monoclonal; BD Transduction Laboratories); anti-actin (polyclonal; Cell Signaling). Secondary antibodies (Amersham) were used at a 1:6000 dilution. Binding was detected by chemiluminescence (LumiGLO kit; KPL). Only a representative blot of at least three different experiments is shown throughout the paper.
Pixel densities (for signal-area) of scanned images were calculated with Adobe Photoshop; densitometry (for signal-density) was analysed with the EpiChemi 3 Darkroom TM (UVP Bioimaging Systems) using Labworks Image Acquisition and Analysis Software 4.5.
In vitro acetylation
BACE1-myc was purified from stably-transfected CHO (Chinese hamster ovary) cells with the ProFound c-Myc-Tag IP/Co-IP Kit (Pierce). BACE1-myc was incubated with the purified recombinant HAT (histone acetyltransferase) fragment of CBP (cAMP-response-element-binding protein-binding protein)/p300 (5 units; Upstate Biotechnology) in the presence of [ 3 H]acetylCoA (1000 cpm/pmol) (200 mCi/mmol; American Radiolabeled Chemicals) for 1 h at 30
• C. The reaction was performed in acetylation buffer [50 mM Tris/HCl (pH 8.0), 0.1 mM EDTA, 1 mM DTT (dithiothreitol), 10 % glycerol and 20 µM acetylCoA] and stopped by lowering the temperature to 0 -4
• C. BACE1 was immunoprecipitated with an anti-BACE1 N-terminal monoclonal antibody and then counted on a liquid scintillation counter. As a control, affinity-purified BACE1 was also incubated in the absence of the enzyme (HAT) and in the presence of preboiled (denaturated) enzyme.
Purification of ER and Golgi intact vesicles
Intact vesicles from the ER and the Golgi apparatus were purified on a 10 -34 % Iodixanol (OptiPrep; Axis-Shield) continuous gradient as described previously [10] . The complete migration of subcellular markers in a typical gradient is shown in [9, 10] . Fractions enriched in ER and Golgi markers (simply called ER or Golgi vesicles thereafter) were separated, pooled together and resuspended in isotonic/cryogenic buffer [0.25 M sucrose and 10 mM Tris/HCl (pH 7.4)] in the presence of protease inhibitors (Roche). Latency of ER and Golgi vesicles was determined with the glucose-6-phosphatase [11] and the sialyl-transferase [12] methods respectively. The purity of our preparation was further confirmed by assaying the above enzymatic activities, together with transport of CMP-sialic acid. Approx. > 95 % of vesicles were sealed and of the same membrane topographical orientation as in vivo [13] .
Trypsin digestion of ER and Golgi vesicles
Vesicles were incubated for 60 min at 25
• C with trypsin (Sigma) at a final concentration of 1 µg of protease per µg of ER/Golgi proteins. Digestion was halted by the addition of anti-trypsin specific inhibitor (Sigma) and by lowering the temperature to 0 -4
• C. The anti-trypsin inhibitor was used at a final concentration of 1 µg of inhibitor per µg of protease. As a control, 0.05 % (v/v) Triton X-100 was added in some experiments in order to allow access of trypsin to the lumen of ER and Golgi vesicles.
Acetyl-CoA transport assay
Transport of acetyl-CoA into ER and Golgi vesicles was performed as previously described for nucleotide sugars [12, 14] with some modification. Briefly, assays were performed in 100 µl final volume (isotonic/cryogenic buffer) using 25-50 µg of ER/Golgi vesicles protein. The rate of acetyl-CoA uptake at different concentrations was determined maintaining the amount of radioactive acetyl-CoA constant, whereas unlabelled acetylCoA ranged between 0.125 and 100 µM. After 5 min at 30
• C, reactions were stopped by lowering the temperature to 0-4 • C and by adding 100 µl of ice-cold isotonic/cryogenic buffer (as described above). Reaction mixtures were immediately spun at 25 p.s.i. (100 000 g) for 15 min using an air-driven ultracentrifuge (Airfuge; Beckman). Pellets were then dissolved in 0.6 ml of 1 M NaOH; after neutralization with 0.2 ml of 4 M HCl, samples were counted by scintillation spectrometry. Transport of CMP-sialic acid and ATP was performed at two different concentrations (5 and 10 µM) of solute as described above and fully characterized in previous publications [12, 14] .
Membrane acetyltransferase/deacetylase activities
For the acetyltransferase activity from in vivo membranes, BACE1-myc was incubated with purified Golgi and ER membrane vesicles and [
3 H]acetyl-CoA (1000 cpm/pmol) for 1 h at 30
• C. The reaction was performed in 200 µl of acetylation buffer [50 mM Tris/HCl (pH 8.0), 0.1 mM EDTA, 1 mM DTT, 10 % glycerol and 20 µM acetyl-CoA] in the presence or absence of 0.2 % (v/v) Triton X-100. The reaction was stopped by adding 200 µl of ice-cold buffer and immediate immersion in ice; BACE1 was then immunoprecipitated and counted on a liquid scintillation counter. As a control, affinity-purified BACE1 was also incubated in the absence of ER vesicles (no enzyme) and in the presence of membranes that had been boiled prior to the assay.
For the deacetylase activity, BACE1-myc was first acetylated in vitro using the recombinant HAT fragment of CBP/p300 and [ 3 H]acetyl-CoA (as described above) and then purified again with magnetic beads cross-linked to anti-BACE1 antibodies. BACE1 was eluted by lowering the pH to 2.0 and recovered by centrifuging at 604 g for 2 min. The pH was immediately neutralized by adding 10 µl of neutralizing buffer [1 M Tris (pH 9.5)] per 200 µl of lowpH elution buffer (Pierce). Acetylated BACE1 was then incubated in the presence of Golgi and ER membrane vesicles for 1 h at 30
• C. The reaction was performed in 200 µl of acetylation buffer (without EDTA) in the presence or absence of 0.2 % (v/v) Triton X-100, and stopped as above. BACE1 was then immunoprecipitated and counted on a liquid scintillation counter. The deacetylation assay was performed in the presence of the same controls described above.
Protein labelling, pro-peptide maturation and cell-surface biotinylation
Confluent cells were starved for 1 h in methionine/cysteine free medium, labelled with 100 µCi [ 35 S]methionine/cysteine (Trans35S-Label, > 1000 Ci/mmol; Pierce) in starvation medium/ dish and chased for 8, 16 and 24 h with DMEM (Dulbecco's modified Eagle's medium) supplemented with 5 mM non-radiolabelled methionine/cysteine. Cell extracts were pre-cleared with BioMag Protein A (Polysciences); beads were used at a concentration of 15 µl of the slurry per sample and separated with a magnetic holder. BACE1 was then immunoprecipitated with anti-BACE1 antibodies and recovered with BioMag Protein A as above. The immunoprecipitate-bead complexes were washed three times and boiled in sample buffer. Beads were then separated and the samples were analysed by reducing SDS/PAGE (on a 4-12 % Bis/Tris NuPAGE system) and autoradiography.
For the analysis of pro-BACE1 maturation, cells were labelled and chased for 10 min and 2 h as above. Pro-BACE1 was immunoprecipitated from total cell lysates with an antibody specific for the pro-domain of BACE1 and then recovered with BioMag Protein A. Unbound BACE1 was further immunoprecipitated with anti-BACE1 antibodies. The immunoprecipitate-bead complexes were washed three times and boiled in NuPAGE sample buffer. Beads were then separated and the samples were analysed by reducing SDS/PAGE and autoradiography.
For cell-surface biotinylation, cells were labelled as above and chased for 1.5 h. Cells were then washed twice, resuspended in PBS containing EZ-Link Sulfo-NHS-LC-Biotin (Pierce) at a final concentration of 2 mg/ml, and incubated for 30 min at room temperature (25 • C). Biotinylated proteins were separated from cell extracts using ImmunoPure Immobilized Streptavidin (following the manufacturer's protocol; Pierce). Proteins were eluted and recovered as above; BACE1 was then immunopurified and analysed by reducing SDS/PAGE and autoradiography.
Statistical Analysis
Results are expressed as means + − S.D. of the indicated number of determinations. The data were analysed by ANOVA and Student's t test comparison, using GraphPad InStat3 software. Statistical significance was reached at P < 0.05.
RESULTS

BACE1
is acetylated in the lumen of the ER and deacetylated in the lumen of the Golgi apparatus CHO cells expressing human BACE1 were treated with C 6 -ceramide (simply called ceramide thereafter) for different periods of time; BACE1 was then immunoprecipitated and analysed by Western blotting. As expected, we found a progressive increase in the steady-state levels of both immature and mature (fully glycosylated) BACE1 with an apparent plateau at day 4 ( Figure 1A ; see also [7] ). Surprisingly, the lower band migrating as the immature form of BACE1 could also be detected with an antibody raised against acetylated lysine residues suggesting that this form, and not the mature form, was acetylated ( Figure 1A ; bottom panel). The pattern of acetylation would also suggest that the lysine modification occurs in the ER, where the immature form of the protein is synthesized and found. Therefore we isolated ER and Golgi fractions and analysed both the expression levels and acetylation status of BACE1. As expected, BACE1 was found to be enriched in the Golgi apparatus when compared with the ER, and to migrate slightly higher than the ERform on gel electrophoresis ( Figure 1B) . However, analysis of immunoprecipitated BACE1 with an anti-acetylated lysine antibody revealed that BACE1 was acetylated in the ER compartment, but not in the Golgi apparatus ( Figure 1B ). The sensitivity to Endo H digestion of BACE1 purified from the ER ( Figure 1C) confirmed that it represents an immature and only partially glycosylated form. In fact, resistance to Endo H is acquired in the cis/medial Golgi apparatus where the 'nascent' and incomplete oligosaccharide chain is processed and completed [15, 16] .
BACE1 is a type I membrane protein with one single transmembrane domain (∼ 17 residues) and a 24-amino-acid long cytosolic tail. The large N-terminal domain with 460 amino acids faces the lumen of the ER and Golgi apparatus while being synthesized and translocated to the plasma membrane.
The primary sequence of BACE1 shows 16 lysine residues; however, only one is found in the cytosolic tail, being the very last residue of BACE1. In order to analyse whether BACE1 acetylation occurred on the endo-lumenal or cytosolic portion of the protein, we purified intact ER vesicles following ceramide treatment, and subjected them to trypsin digestion in the absence and presence of mild concentrations of Triton X-100. It is worth stressing that vesicles were sealed and of the same membrane topographical orientation as in vivo. In the absence of detergent, trypsin did not have access to the lumen of the vesicles and, therefore, could only digest the cytoplasmic tail of ER-membrane proteins ( Figure 1D ). Analysis of intact ER vesicles prior to trypsin digestion allowed detection of BACE1 with antibodies directed against both the N-and C-terminal domains, and against acetylated lysine residues ( Figure 1D ; control lane). Following proteolytic digestion in the absence of detergent, BACE1 was detected with antibodies against the N-but not the C-terminus, confirming successful removal of the cytosolic tail ( Figure 1D ). This is further indicated by the slight change in protein migration on gel electrophoresis following trypsin treatment. Surprisingly, BACE1 could still be detected when we used antibodies against acetylated lysine residues indicating that acetylation occurred in the lumen of the ER. Complete digestion of BACE1 in the presence of Triton X-100 served as a further control confirming successful trypsin digestion ( Figure 1D ). It is also worth stressing that both the Endo H sensitivity of the ER-form ( Figure 1C ) and the inability of trypsin to digest the N-terminal domain of the protein in the absence of detergent ( Figure 1D ) prove that nascent BACE1 is correctly inserted into the ER membrane.
We next used an in vitro system to assess whether BACE1 could serve as a substrate for lysine acetylation. A myc-tagged (at the C-terminus) version of BACE1 [7] was purified from CHO cells grown in the absence of the second messenger ceramide. Purified BACE1 was then incubated in the presence of radiolabelled acetylCoA, as donor of the acetyl group, and the HAT domain of recombinant CBP/p300, a well-characterized acetyl-CoA:lysine acetyltransferase localized in the cytosol [17] . Figure 1 (E) shows that BACE1 can be acetylated in vitro, provided that it is incubated in the presence of an enzymatically active acetyltransferase.
Finally, we mapped the acetylation sites by comparing peptide masses (MS/MS) generated from tryptic digests of BACE1 purified from stably transfected cells grown in the absence or presence of ceramide (see Supplementary Table 2 at http://www. BiochemJ.org/bj/407/bj4070383add.htm). Analysis of mass spectra from several individual digests of BACE1 identified seven different lysine residues. Lys 299 and Lys 307 were found to be acetylated even in the absence of ceramide; all the other residues (Lys 126 , Lys 275 , Lys 279 , Lys 285 and Lys 300 ) were found to be acetylated only following ceramide treatment. No additional residues appeared to be acetylated or modified following fingerprinting analysis.
When taken together, the above results indicate that BACE1 can be acetylated both in vivo and in vitro on seven lysine residues situated in the N-terminal and globular part of the protein, which faces the lumen of the ER. The ability of BACE1 to undergo lysine acetylation in vivo was further confirmed with primary neurons and human neuroblastoma (SH-SY5Y) cells on an endogenous BACE1 background ( Figure 1F ). As we have demonstrated in a previous paper, primary neurons undergo spontaneous activation (A) CHO cells stably expressing BACE1 were treated with ceramide for the indicated time. BACE1 was immunoprecipitated from total cell lysates, separated on a 7 % Tris/Acetate NuPAGE system, and then analysed by Western blotting using either anti-BACE1 or anti-acetylated lysine antibodies. Immature (im. BACE1) and mature (m. BACE1) BACE1 are indicated. (B) BACE1 was immunoprecipitated (IP) from ER and Golgi vesicles and then analysed with the indicated antibodies. ER (calreticulin) and Golgi (58 Golgi protein) markers are shown. For this experiment, samples were separated on a 4-12 % Bis/Tris NuPAGE system, which allows a better resolution of total (mature and immature) BACE1. (C) BACE1 was immunoprecipitated from ER and Golgi vesicles as in (B) and then digested with Endo H prior to immunoblotting. (D) Intact ER vesicles were digested with trypsin for 30 min at 25 • C, in the presence or absence of 0.05 % (v/v) Triton X-100. Digestion was halted using an anti-trypsin specific inhibitor. BACE1 was then immunoprecipitated using a monoclonal antibody against the N-terminal domain and analysed by Western blotting using the indicated antibodies. (E) BACE1-myc was purified using an anti-myc affinity column and incubated in the presence of HAT and [
3 H]acetyl-CoA for 1 h at 30 • C. BACE1 was then purified again and analysed on a scintillation liquid counter. *P < 0.0005; n = 4. (F) Primary neurons and human neuroblastoma (SH-SY5Y) cell lines were treated with ceramide for 6 days. The steady-state levels of BACE1 (top panel) were assessed by immunoblotting of total cell lysates, whereas the acetylation of BACE1 (bottom panel) was assessed following BACE1 immunoprecipitation. Electrophoresis was performed on a 4-12 % Bis/Tris NuPAGE system. Neurons were prepared from wild-type mice as described in [8, 9] . (G) Primary neurons were cultured in vitro up to 24 days as described previously [8, 9] and then analysed for BACE1 acetylation with the indicated antibody. (H) BACE1 was immunoprecipitated from brain (cortex) extracts of 1-month-old wild-type and p44 +/+ mice [9] and then analysed for lysine acetylation with the appropriate antibody. Ac. Lys., acetylated lysine; IP, immunoprecipitate; Wb, Western blot.
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NTR signalling, downstream of IGF1-R, that leads to a pronounced activation of endogenous ceramide and BACE1 levels [9] . We also demonstrated that p44 +/+ transgenic animals, which display hyperactivation of IGF1-R signalling and an accelerated aging phenotype, have increased levels of ceramide in the brain when compared with age-matched controls [9] . In addition, the same animals have increased levels of BACE1 and increased production of amyloid β-peptide [9] . Therefore we decided to analyse the acetylation pattern of endogenous BACE1 under those situations and in the absence of exogenous treatment. Figure 1 (G) shows that primary neurons in culture display a progressive increase in the levels of lysine acetylation of BACE1 that follows the same trend of ceramide activation described previously [9] . In addition, 1-month-old p44 +/+ mice display increased acetylation of BACE1 in the cortex ( Figure 1H ), further confirming that the post-translational event described in the present study occurs in vivo, is not limited to transgenic BACE1, and does not require exogenous ceramide. Our results also suggest that acetylation is a transient event, most likely requiring deacetylation in the Golgi apparatus following full maturation of the protein. Finally, they indicate that ceramide treatment stimulates BACE1 acetylation by facilitating the efficiency of lysine acetylation; this could require changes either in the availability of the acetyl donor, the enzymatic activity of the acetyltransferase, or both.
Lysine acetylation is required for the ceramide-dependent stabilization of BACE1
In order to analyse whether the lysine acetylation is required for the molecular stabilization of BACE1 induced by ceramide [7] , we mutated the seven lysine residues described above to alanine residues. The lysine to alanine substitution precludes the acetylation of the protein and eliminates the negative charges introduced by the acetyl groups, therefore behaving as a 'lossof-function'. Next, we analysed the steady-state levels and acetylation of both the native (BACE1 WT ) and the mutated (BACE1 Ala ) form of BACE1 following ceramide treatment of stably transfected cells. Figure 2(A) (top panel) shows that, in contrast with BACE1 WT , the steady-state levels of BACE1 Ala were not affected by ceramide treatment. In addition, ceramide did not induce acetylation of BACE1 Ala , indicating that this mutant form could not be acetylated in vivo (Figure 2A, bottom panel) . Finally, incubation of purified BACE1 with the HAT domain of recombinant CBP/p300 in vitro resulted in acetylation of BACE1 WT , but not BACE1 Ala , further confirming that the mutated version of the protein could not be acetylated and that the remaining nine lysine residues of the protein did not act as a substrate for acetylation ( Figure 2B ).
In contrast with alanine, glutamine is known to mimic the effect of lysine acetylation behaving as a bona fide 'gain-offunction' [18] . Therefore we mutated the seven lysine residues described above to glutamine (BACE1 Gln ) and analysed the maturation process of both BACE1 Ala and BACE1 Gln . For this purpose, we initially decided to investigate how efficiently the pro-domain was removed from newly synthesized BACE1. In fact, BACE1 contains a pro-peptide sequence at the N-terminus that is removed in the Golgi apparatus by a furin-like proprotein convertase [19, 20] . Pulse-chase experiments showed that BACE1 Ala displayed a marked delay in the removal of the pro-domain sequence when compared with either BACE1 WT or BACE1 Gln ( Figure 3A ; left-hand panel). This was also accompanied by a reduced and delayed appearance of the cleaved BACE1 product ( Figure 3A ; right-hand panel). Finally, the removal of the pro-domain occurred faster and more efficiently with BACE1 Gln (Figure 3A) , suggesting a more efficient ER-to-Golgi translocation. This conclusion was further confirmed when we analysed how efficiently the different mutant forms of BACE1 were able to reach the cell surface along the secretory compartment. Indeed, pulse-chase and cellsurface biotinylation experiments indicated that ∼ 9 % of newly synthesized BACE1 Ala was found at the cell-surface 1.5 h after the pulse, compared with ∼ 20 % of the native counterpart and with ∼ 42 % of BACE1 Gln ( Figure 3B ). It is worth noting that ceramide treatment of BACE1 WT -expressing cells produced a similar effect by increasing the translocation of newly synthesized BACE1 to the cell surface to levels almost similar to BACE1 Gln (Figure 3B) .
In our previous studies we have shown that ceramide treatment increases the half-life of both newly synthesized and pre-formed BACE1 [7] . Therefore we decided to analyse the half-life of both the native and mutated forms of BACE1 following labelling with a radioactive mixture of methionine and cysteine. As shown previously [7, 21] , the half-life of native BACE1 was ∼ 16 h, but increased to ∼ 24 h following ceramide treatment ( Figures 3C and 3D) . However, BACE1 Ala showed a significant reduction in the half-life with only ∼ 5 % still detectable 24 h after labelling, compared with ∼ 22 % of BACE1 WT and ∼ 55 % of BACE1 Gln (Figures 3C and 3D ). Once again, BACE1 WT under ceramide treatment behaved very similarly to BACE1 Gln , further suggesting that neutralization of the positive charges of the lysine residues provided by the acetylation (and mimicked by glutamine) affected the molecular stability and/or conformational maturation of BACE1. Consistent with the above results, analysis of total cell lysates on a 7 % Tris/Acetate electrophoresis system revealed a marked decrease in the steady-state levels of BACE1 Ala ( Figure 3E ). The overall reduction in the levels of the mutant protein was also evident when the same samples were analysed on a 4-12 % Bis/Tris gel, which resolves both mature and immature forms of BACE1 in one single band ( Figure 3E ). In contrast with BACE1 Ala , BACE1 Gln showed a marked increase in the steadystate levels when compared with BACE1 WT . These results were observed in the absence of any difference in the levels of BACE1 mRNA ( Figure 3F ) or in the rate of incorporation of a radiolabelled methionine/cysteine mixture into the different BACE1 versions ( Figure 3F ) excluding any defect in either transcription or translation induced by the mutagenesis.
Even though the results obtained with the lysine to alanine substitution were supported by those obtained with the lysine to glutamine substitution, we cannot completely rule out the possibility that they were in part caused by the generation of an unstable protein that was not able to fold. Therefore we decided to mutate the same lysine residues to arginine (BACE1 Arg ), which is thought to mimic more closely the lysine structure and to be a less perturbing mutation than alanine [18] . However, analysis of both the steady-state levels ( Figure 4A ) and half-life ( Figure 4B ) of (C) The cellular distribution of the wild-type and mutant forms of BACE1 was analysed by SDS/PAGE and immunoblotting after separation of intracellular membranes on a 10-24 % discontinuous Nycodenz gradient (described in [9, 10] ). Membranes were developed in parallel on the same film. The appropriate subcellular markers are indicated: calreticulin (ER), syntaxin (Golgi apparatus) and EEA1 (endosomes). A longer exposure of BACE1 WT and BACE1 Gln gradients showing the relative distribution of mature and immature BACE1 is found in Supplementary Figure 1 (C) at http://www.BiochemJ.org/bj/407/bj4070383add.htm. (D) BACE1 Ala and BACE1 WT -expressing CHO cells were treated with two different proteasome inhibitors for 10 h. BACE1 steady-state levels were assessed by immunoblotting of total cell lysates on a 4-12 % Bis/Tris NuPAGE system. The effects of proteasome inhibition on wild-type BACE1 have been described previously [26] . WT, wild-type.
BACE1 with either the lysine to alanine or the lysine to arginine substitutions did not seem to show any apparent difference, both being below the levels observed with BACE1 WT .
Therefore, when taken together, the above results indicate that the neutralization of the positive charges of the lysine residues provided by the acetyl groups (and mimicked by the lysine to glutamine substitution) is required for an efficient translocation of the nascent protein to the Golgi apparatus and to the cell surface along the secretory compartment. The retention of non-acetylated species of BACE1 in the early secretory pathway is further shown by the subcellular distribution pattern of the wild-type and mutated forms of BACE1 ( Figure 4C ). In fact, the 'loss-of-acetylation' mutants (BACE1 Ala and BACE1 Arg ) were mostly observed in fractions corresponding to the ER and showed very low levels of mature BACE1. In contrast, the 'gain-of-acetylation' mutant (BACE1 Gln ) displayed a predominant localization in the late-Golgi and early-endosomal compartments with high levels of the mature form of the protein (visible as a double band in Figure 4C ; see also Supplementary Figure 1C at http://www.BiochemJ.org/bj/ 407/bj4070383add.htm). This distribution is consistent with the previously reported localization of BACE1 and with the normal distribution of β secretase activity in the cell [22] [23] [24] [25] .
Even though the lysine to alanine substitution impaired the ability of the nascent BACE1 protein to leave the ER, we did not observe an accumulation of the protein, suggesting a rapid and efficient removal of the non-acetylated intermediates ( Figure 3A) . Inhibition of the proteasome machinery with either MG-132 or lactacystin successfully increased the steady-state levels of BACE1 WT but not those of BACE1 Ala ( Figure 4D ) indicating that an alternative system degrades the non-acetylated intermediates of nascent BACE1.
Acetyltransferase and deacetylase activities exist in the ER and Golgi apparatus respectively
When taken together, the above results indicate that the lysine acetylation of BACE1 is a transient event: the lysine residues are acetylated in the lumen of the ER and then deacetylated in the Golgi apparatus while the nascent protein moves ahead in the secretory pathway. This conclusion is supported by the fact that only the immature and ER-based form of BACE1 is acetylated (Figure 1 ) and by the fact that the gain-of-acetylation mutant (BACE1 Gln ) can move ahead in the secretory pathway, whereas the loss-of-acetylation mutants (BACE1 Ala and BACE1 Arg ) are retained in the ER (Figures 3 and 4) .
However, for the above events to occur, the ER must possess an acetyl-CoA:lysine acetyltransferase, whereas the Golgi apparatus must possess a lysine deacetylase. In both cases, the catalytic site of the enzyme is predicted to face the lumen of the organelles. Since the donor of the acetyl group, acetyl-CoA, is highly charged and unable to cross the ER membrane, our results also predict a membrane transporter responsible for the translocation of acetyl-CoA from the cytoplasm to the lumen of the ER, where it can then serve as a donor for the biochemical reaction.
We decided to test the above predictions by analysing each enzymatic step in vitro from highly purified intact ER and Golgi vesicles. Once again, vesicles were sealed and of the same membrane topographical orientation as in vivo. When ER and Golgi vesicles were incubated in the presence of increasing concentrations of acetyl-CoA, we found a progressive accumulation of acetyl-CoA in the lumen of ER-, but not Golgi-derived vesicles ( Figures 5A-5C ). Transport was saturable with an apparent K m of 14 µM and a V max of 824 pmol/5 min/mg of protein (Figures 5A and 5B). Finally, transport was temperature-dependent (Figure 5C ), further suggesting that acetyl-CoA was translocated into the ER lumen in a carrier-mediated manner. Analysis of ER vesicles from ceramide-treated cells revealed a ∼ 30 % increase in the V max (1086 + − 92 compared with 824 + − 75 pmol/5 min/mg of protein; P < 0.005), whereas the K m was comparable with untreated cells as demonstrated by the double reciprocal plot (Lineweaver-Burk transformation; Figure 5B ). Analysis of CMPsialic acid transport into ER and Golgi vesicles confirmed the purity of our in vitro system ( Figure 5D ). Indeed CMP-sialic acid transport only occurs in the Golgi apparatus, where it serves for sialylation of terminal galactose residues on both glycolipids and glycoproteins [27] . Finally, analysis of ATP transport into ER vesicles purified from control and ceramidetreated cells showed no apparent difference ( Figure 5E ) indicating that the increased translocation of acetyl-CoA described in Figure 5 (A) is not caused by generalized changes in membrane permeability or transport activities of the ER following ceramide treatment.
Incubation of purified BACE1 with radiolabelled acetyl-CoA and ER vesicles revealed the existence of an acetyl-CoA:lysine acetyltransferase activity in ER vesicles that could not be observed in the absence of mild concentrations of Triton X-100, indicating that the catalytic site of the enzyme faced the lumen of the ER ( Figure 6A ). In addition, the acetyltransferase activity was not detected in Golgi-purified vesicles confirming that the enzyme was an ER-resident protein ( Figure 6A) .
We next incubated BACE1 with radiolabelled acetyl-CoA and the HAT domain of CBP/p300. The in vitro acetylated BACE1 was then purified again and incubated with either ER or Golgi vesicles in the presence or absence of Triton X-100. Incubation with permeabilized Golgi vesicles resulted in a dramatic decrease in the levels of acetylation of BACE1 ( Figure 6B) ; such an effect was not observed when the incubation was performed in the presence of ER or pre-boiled Golgi vesicles ( Figure 6B ). Finally, deacetylation of BACE1 was only observed when the Golgi vesicles were permeabilized with Triton X-100 ( Figure 6B ) indicating that the active site of the deacetylase faces the lumen of the Golgi apparatus.
We did not detect any apparent difference when the in vitro acetylation assay was performed using ER membrane vesicles Reaction was stopped by lowering the temperature; BACE1 was then purified again and analysed on a scintillation liquid counter. As control, BACE1 was also incubated with [ 3 H]acetyl-CoA in the absence of ER/Golgi vesicles and with ER vesicles that had been boiled for 10 min prior to the reaction. *P < 0.0005; n = 4 (B) Purified BACE1-myc was first acetylated in vitro as described in Figure 1 (E) and then purified again in order to eliminate unbound acetyl-CoA. For the in vitro deacetylation, acetylated BACE1 was incubated with ER or Golgi intact vesicles in the presence/absence of 0.2 % (v/v) Triton X-100 for 1 h at 30 • C. Reaction was stopped by lowering the temperature; BACE1 was then immunoprecipitated and analysed on a liquid scintillation counter. As control, BACE1 was also incubated with Golgi vesicles that had been boiled for 10 min prior to the reaction in order to inactivate any enzymatic activity. *P < 0.005; n = 4. (C) Both the in vitro acetylation and deacetylation of BACE1 were repeated by using intact ER (for acetylation) or Golgi (for deacetylation) vesicles prepared from control and ceramide-treated CHO cells. The assays were performed at 30 • C and in the presence of 0.2 % (v/v) Triton X-100, as described in (A) (for acetylation) or (B) (for deacetylation). *P < 0.0005; n = 4. purified from either control or ceramide-treated cells ( Figure 6C ; left-hand panel), suggesting that ceramide did not act directly on the acetyltransferase, at least in vitro. However, we did observe increased deacetylation of BACE1 when the in vitro deacetylation assay was performed with Golgi vesicles purified from ceramidetreated cells ( Figure 6C ; right-hand panel). When taken together, the above results indicate that the ER possesses both an acetylCoA membrane transporter and an acetyltransferase activity, whereas the Golgi apparatus possesses a deacetylase activity. Finally, they also indicate that the efficiency of both acetylCoA translocation across the ER membrane and deacetylation in the Golgi apparatus is stimulated by the second messenger ceramide.
DISCUSSION
In the present study we show that BACE1 undergoes transient acetylation on seven different lysine residues, all facing the Nterminal portion of the nascent protein. This process involves lysine acetylation in the lumen of the ER and is followed by deacetylation in the lumen of the Golgi apparatus. We also show that a dual-enzymatic machinery acts in the ER and Golgi apparatus respectively to acetylate and deacetylate the lysine residues ( Figure 7 ). In addition, this process requires carriermediated translocation of acetyl-CoA into the lumen of the ER and is stimulated by the lipid second messenger ceramide. Finally, we show that the transient/reversible lysine acetylation is required for nascent BACE1 to leave the ER and move ahead in the secretory pathway, and for the molecular stabilization of the protein.
Even though the native conformation of a protein lies encoded in its primary amino acid sequence, the efficiency of folding itself is greatly enhanced by the ER through different complex systems that require, among others, enzymes that modify, either temporally or definitively, the protein [1] . The typical example of transient modification of a nascent protein that controls the efficiency of folding is the UGGT/calnexin system, which re-monoglucosylates nascent glycoproteins and regulates their interaction with the lectin chaperone calnexin [2, 3] . Once folding is completed, the protein is released from the calnexin cycle and left free to move ahead in the secretory pathway.
The acetylation/deacetylation system seems to work in the same way. Only immature BACE1 was found acetylated, thus suggesting that the process is transient. Indeed, our biochemical analysis identified both acetylase and deacetylase machineries that are physically separated: the acetylase machinery (acetyltransferase and acetyl-CoA transporter) was found only in the ER, whereas the deacetylase machinery was found only in the Golgi apparatus. Substitution of all the lysine residues that can act as acceptors for the acetyl group for alanine residues generated a BACE1 protein (BACE1 Ala ) that could not be acetylated in vivo or in vitro, and that was not affected by ceramide treatment. Finally, this mutated version of BACE1 showed a decreased efficiency in the translocation to the Golgi apparatus and to the plasma membrane, suggesting physical retention in the ER, and a reduced half-life. In contrast, when the same lysine residues During translation/translocation across the ER membrane (1), BACE1 undergoes acetylation in seven different lysine residues facing the lumen of the organelle. The reaction requires transfer of acetyl-CoA from the cytoplasm, where it is generated, to the lumen of the ER. The acetyl-CoA will then serve as donor of the acetyl group in the reaction of acetylation. This process is favoured by the second messenger ceramide, thereby increasing the concentration of acetyl-CoA in the ER. The enzyme that carries out the reaction, the acetyl-CoA:lysine acetyltransferase, is also an ER-resident protein with the catalytic site facing the lumen of the organelle. The acetylation of BACE1 provides conformational stability to the nascent protein (2) . Once this has been achieved, BACE1 moves to the Golgi apparatus, where a Golgi-resident deacetylase will remove the acetyl groups (3). This event is most likely necessary in order to decrease the electron density of the globular domain of the protein (4) and allow conformational flexibility when the mature and active protein needs to shift from the ligand-free to the ligand-bound (and vice versa). In analogy with the many ER and Golgi resident glucosyltransferases already identified, both the acetyltransferase and the deacetylase are depicted here as membrane proteins. However, further studies are required to confirm this assumption.
were substituted with glutamine residues to mimic constitutive acetylation, the new protein (BACE1 Gln ) showed a longer halflife, together with increased efficiency in its translocation to the Golgi apparatus and the plasma membrane along the secretory pathway. The fact that the lysine to alanine substitution was also mimicked by the lysine to arginine substitution strengthens our results and seems to exclude possible artifacts produced by the mutagenesis. Finally, the results obtained with the lysine to glutamine substitution mimicked very closely those obtained with wild-type BACE1 under ceramide treatment.
It is worth noting that disorder prediction of BACE1 revealed that five of the acetylated lysine residues were either in (Lys 275 , Lys 279 and Lys 285 ) or close to (Lys 126 and Lys 307 ) weak electron density areas ( Figure 8A ). Further comparison with the structural determinants and temperature factor (B-factors) distribution of BACE1 [28] indicated that, with the exception of Lys 126 , all of the acetylated lysine residues are clustered in a highly-disordered region of the globular part of the C lobe of the protein ( Figure 8B ), which seems to be required for the conformational flexibility of the protein when shifting from the ligand-free to the ligand-bound (and vice versa) state [28] [29] [30] .
Intrinsically unstructured protein domains are important for the activity of many proteins with very diverse functions, which include regulation of transcription and translation, signal transduction and chaperone-assisted unfolding of kinetically trapped folding intermediates [31] . The disordered region provides structure flexibility and allows complex molecular interactions that require movement, transition-state or coupled folding and binding to a certain substrate. Incorrect folding of this region can ultimately interfere with the functional activity of the protein. Acetylation neutralizes the positive charges of the lysine residues, and can function as an electrostatic mechanism to help the globular domain of the protein to assume the correct folding state. Consistent with this prediction, long-time molecular dynamic simulation of both ligand-free and ligand-bound BACE1 indicates that the disordered regions of the globular domain of BACE1 allow for structural fluctuation of the enzyme, which is probably necessary for correct substrate binding.
The above assumptions seem supported by the post-translational marking of the histone N-terminal tails (also referred to as the 'histone code') [32, 33] . These are intrinsically disordered regions that are subject to post-translational modification by acetylation, methylation and phosphorylation, and that are required to fluctuate in order to allow access to DNA. Another example is offered by the regulatory domain of p53, which shows intrinsically disordered regions that provide flexibility for the various conformational requirements of the protein [34, 35] . Similar to BACE1, p53 has seven lysine residues that are acetylated [36] , six of which are concentrated in disordered regions of the protein ( Figure 8C ). In the case of p53, lysine acetylation increases with cellular senescence [37] , is required for its transcriptional activities and induces molecular stability of the protein [38] . However, in contrast with p53, which is cytoplasmic, BACE1 is a membrane protein and the transitory acetylation occurs in the lumen of the ER and Golgi apparatus.
In addition to the acceptor substrate, the reaction of lysine acetylation requires a donor of the acetyl group, acetyl-CoA, and an enzyme, acetyltransferase, that transfers the acetyl group from the donor to the acceptor. In order for the reaction to occur in the lumen of the ER, both the enzyme and the donor must be made available. The present study shows that the ER membrane has an enzymatic activity that acts as acetyl-CoA:lysine acetyltransferase both in vivo and in vitro. It also indicates that the active site of the acetyltransferase faces the lumen of the organelle, and that the ER membrane is able to translocate the donor (normally found in the cytoplasm) inside the ER. Both the transferase and the transporter were found to act only in the ER and not in the Golgi apparatus, thus providing biochemical confirmation of the model shown in Figure 7 . Conversely, an enzymatic activity able to function as a lysine deacetylase in vitro was identified in highly purified intact Golgi vesicles, and was shown to be absent in the ER.
The identity of the acetyltransferase, acetyl-CoA transporter, and deacetylase is still unknown; therefore further studies will be required for their identification. However, a putative acetyl-CoA transporter has been identified and found to localize in the ER system [39] . This protein has homologues in lower organisms, including Saccharomyces cerevisiae, Caenorhabditis elegans and Drosphila melanogaster [40] suggesting a fundamental and conserved function. Finally, it is up-regulated as a result of induced ER-stress, suggesting a possible role during the unfolded protein response [41] .
Interestingly, ceramide was shown to stimulate the efficiency of acetyl-CoA transport across the ER membrane. This fact alone could potentially explain the increased acetylation of BACE1 observed following ceramide treatment. Indeed, an increased concentration of acetyl-CoA in the lumen of the ER would favour the kinetic of the reaction (lysine acetylation) leading (A) Disorder prediction of BACE1 protein sequence. The prediction was performed using DRIP-PRED analysis (http://www.sbc.su.se/∼ maccallr/disorder/) of the Stockholm Bioinformatics Center, Stocholm University, Sweden. The colours used are from blue to red through light green and yellow, where dark blue indicates highly ordered regions. Underlined regions scored > 0.5 in the prediction algorithm and are probably disordered (with the probability being higher for red regions). The transmembrane domain is indicated by a box and appears highly ordered; the acetylated lysine residues are circled. (B) Three-dimensional view of BACE1 with the acetylated lysine residues. The structure information, together with the graphic representation, was prepared using the Entrez Molecular Modeling Database (MMDB) available at http://www.ncbi.nlm.nih.gov/Structure/. The acetylated lysine residues are indicated. The white dots correspond to Lys 299 and Lys 307 , which can also be found acetylated prior to ceramide treatment; the other lysine residues are shown in red. The arrowheads indicate the two catalytic aspartic acid groups of the enzyme. (C) Schematic view of the lysine residues that undergo acetylation in BACE1 and p53.
to more protein and/or more lysine residues being acetylated per unit of time. Similar effects have already been described in patients affected by leucocyte adhesion deficiency type II, where a selective reduction in the V max (but not in the K m ) of GDP-fucose transport into the Golgi lumen leads to a generalized defect in fucosylation of major glycoconjugates [42] . It is worth stressing the fact that only two lysine residues were found acetylated prior to ceramide treatment; this number increased to seven following ceramide treatment. These results appear consistent with the kinetics of acetyl-CoA translocation across the ER membrane. An increase in the concentration of the donor is expected to facilitate the reaction and allow the acetylation of all lysine residues. Obviously, this also seems to implicate that the kinetics of acetylation might be different for the different lysine residues, with the Lys 299 and Lys 307 occurring at lower concentrations of the donor. In addition to the transport of acetyl-CoA across the ER membrane, ceramide was also able to stimulate the rate of deacetylation in the lumen of the Golgi apparatus, therefore suggesting a common regulatory mechanism that controls the reversible/transient acetylation of ER/Golgi transiting membrane proteins.
Even though the lysine to alanine substitution impaired the ability of the nascent BACE1 protein to leave the ER, we did not observe an accumulation of the protein intermediate. Interestingly enough, the steady-state levels of BACE1 Ala were not 'normalized' by inhibiting the proteasomes, therefore suggesting that an alternative system degrades the pool of BACE1 Ala that is not able to complete maturation and translocation along the secretory compartment. Future work is required to analyse whether the disposal of non-acetylated BACE1 Ala could require a specific chaperone and/or protease. Indeed, the lysine acetylation might serve as a recognition or binding site for proteins that mediate structural organization or disposal of unfolded and kineticallytrapped folding intermediates. Such a mechanism has been proposed to explain the effects produced by lysine methylation of histones and could also explain, at least in part, some of the effects induced by the acetylation [43] . Consistent with this hypothesis, several proteins containing a conserved acetyl-lysine-binding domain (the 'bromodomain module') that serve as transcriptional regulators have been identified [2, 44] . However, once again they appear to be situated in the cytoplasm and not in the lumen of the ER.
While this manuscript was under preparation, a new study has revealed the existence of a reversible form of lysine acetylation in the mitochondrial matrix that regulates the activity of mitochondria-based enzymes [45] . Therefore this transient form of post-translational modification, previously thought to be limited to histones and cytoplasmic proteins, appears to play a more general function for the 'physiology' of different organelles. The fact that the events described in the present study act downstream of IGF1-R, the common regulator of lifespan [46] [47] [48] , and neurotrophin signalling to regulate the rate of amyloid β-peptide generation during aging [7] [8] [9] , suggests that they might provide a novel target to prevent the Alzheimer's disease risk associated with aging.
